The inactivation of radioactively labeled poliovirus type 1 and coxsackievirus B 1 in soils saturated with surface water, groundwater, and septic tank liquor was directly proportional to temperature. Virus persistence was also related to soil type and the liquid amendment in which viruses were suspended. At 37°C, no infectivity was recovered from saturated soil after 12 days; at 4°C, viruses persisted for at least 180 days. No infectivity was recovered from dried soil regardless of temperature, soil type, or liquid amendment. Additional experiments showed that evaporation of soil water was largely responsible for the decreased recovery of infectivity from drying soil. Increased rates of virus inactivation at low soil moisture levels were also demonstrated.
Increasing concern over efficient use of limited water resources has resulted in research on the possible use of sewage or sewage sludges for land reclamation and fertilizer (9, 14, 18) . Viruses and other pathogens remaining in the sewage or sludge could contaminate crops, surface water, or groundwater. For viral contamination to occur, however, viruses must remain infectious after a period of association with soils. Knowledge of virus persistence and movement in soils is presently incomplete and sometimes contradictory. For example, Tierney et al. (19) have shown that viruses in sewage or sludge used to irrigate crops may persist for up to 11 days in soil at summer temperatures and for over 96 days under winter conditions. Wellings et al. (23) demonstrated that enteric viruses can survive irrigation and move at least 6 m vertically and 38 m laterally through soil to monitoring wells.
Schaub and Sorber (17) observed movement of bacteriophage f2 1.83 m vertically and 183 m laterally after wastewater application to a rapid infiltration site. However, at the Flushing Meadows site in Arizona, where wastewater applied over a 10-year period has completely replaced native groundwater, no viruses have been detected in monitoring wells (8) . Laboratory studies with columns containing soil from the same area have shown little vertical movement of viruses applied in primary or secondary sewage effluent (5, 11) .
The contradictory results in the studies just cited can be accounted for, in part, by the complexity of the virus-soil interaction. It (20) . Labeled virions were purified by centrifugation in 15 to 30% glycerol gradients, and capsid-labeled stocks were further purified by equilibrium density centrifugation in cesium chloride (20 (1) . These characteristics were determined for the two soil types used in these experiments. The sandy loam soil had a higher clay content and more organic matter than the sandy soil ( Table  1 ). The differences in the clay content and organic matter accounted for the difference in the cation-exchange capacities of the two soils (Table 1).
To ensure that the numbers of viruses applied to the soils did not exceed the virus-adsorbing capacity of the soil, the adsorption of poliovirus to the soils was determined with the viruses suspended in river water, groundwater, and septic tank liquor. Virus adsorption ranged from 1.1 x 107 PFU/g adsorbed by sandy soil from river water to 1.7 x 107 PFU/g adsorbed by the sandy loam soil from groundwater and septic tank liquor (Table 2 ). In agreement with published reports (1, 7), the sandy loam soil adsorbed a greater number of viruses from all suspending media than did the sandy soil. In subsequent experiments, the number of viruses applied to the soils was always less than the adsorption capacity determined for each soil-suspending medium combination. This was done in order to maximize the fraction of viruses adsorbed to the soil and minimize entrapment of viruses in the liquid in the interparticulate spaces in the soil.
Effect of soil elution procedure on virus infectivity. Viruses were eluted from the soil samples with pH 11.5 buffer. Since exposure to Inactivation of viruses in saturated soil. The effect of incubation temperature on the inactivation of viruses in saturated soils was studied by applying radioactively labeled viruses in the three liquid amendments to soil samples in sealed tubes. Viruses were eluted at intervals, and the eluates were assayed for recovered PFU and radioactivity. As shown in Table 3 , at 37°C PFU were recovered up to 12 days, whereas at 4°C PFU were recovered from the soil for up to 180 days. Thus, the persistence of poliovirus in saturated soils was temperature dependent regardless of soil type or liquid amendment.
The effects of soil type and aqueous amendment on the inactivation of viruses in saturated soils were then determined by comparing poliovirus inactivation in the amendments with virus inactivation in liquid-amended soils. Under the conditions used in these experiments, poliovirus was consistently inactivated more slowly when suspended in septic tank liquor than when suspended in river water or groundwater (Table 4) . Also, adsorption to sandy loam soil appeared to protect the viruses, whereas adsorption to sand had little effect on the rate of poliovirus inactivation.
Effect of soil moisture on virus inactivation. Recent (Table 5) . However, PFU were recovered in all cases from saturated soil controls, and at least 80% of the added radioactivity was recovered. The efficient recovery of radioactivity from the soils along with the decrease in the specific infectivities of these eluted virions suggested that the viruses were inactivated rather than irreversibly bound to soil particles.
Although the results of the previous experiment showed that drying was virucidal, the possibility remained that this virucidal activity was unique to poliovirus type 1 or to the two soil types used in the experiments, or that the results were only characteristic of laboratory conditions.
Inactivation of coxsackievirus B-1 in soil. To Effect of soil type on virus inactivation by soil dewatering. To examine the relationship between soil type and virus inactivation by dewatering, six soil samples were obtained in a transect of the Mesilla Valley in southern New Mexico. Labeled poliovirus suspended in groundwater was adsorbed to duplicate samples of the six soils as well as to samples of bentonite clay and a commercial potting soil containing 70% organic matter. Although the drying times differed for the soils, no infectivity was recovered from the dried soils, whereas PFU were recovered from the corresponding saturated soil samples ( Table 7) .
The preceding experiments on the effects of 
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soil dewatering by evaporation were done in small soil samples. The possibility existed that results from small-scale experiments would not be applicable to larger-scale experiments. This possibility was tested by absorbing approximately 5 x 108 PFU of poliovirus in 360 ml of groundwater to 3 kg of sandy soil. The soil and viruses were thoroughly mixed, and the resulting mixture was equally divided into three containers. One sealed container and two open containers were placed in an outside shaded area where the temperature ranged from 4 to 10°C during the experiment. After 10 days, samples were removed for determination of soil moisture, and three 5-g samples were taken from each container for virus elution and assay. The PFU in the moist sample (18% soil moisture) decreased by 69.0% during the 10-day period ( Table 8 ). The soil dried to 1.2% soil moisture showed a 99.7% decrease in PFU, and no PFU were recovered from the soil dried to 0.6% soil moisture. This result showed that the virucidal effects of soil drying seen in small-scale experiments were representative of what occurred in larger soil samples.
Effect of dewatering and reduced soil moisture on poliovirus inactivation. The results of the previous experiments indicated that recoverable infectivity decreased as the soil moisture content was reduced by evaporation. The increased virus inactivation could be due to virucidal effects of the evaporative process per se as well as increased rates of virus inactivation at low soil moisture levels. To examine the influence of evaporation and reduced soil moisture on virus inactivation, approximately 2 x 109 " No PFU were recovered from dry soils; however, the lower limit of detection under these conditions was 0.0005% of the original virus load. aAbout 5 x 10 PFU of poliovirus type 1 in groundwater were added to 3 kg of sandy soil. After thorough mixing, 1-kg portions were placed in sealed or open containers, which were then placed outside in a shaded area. After 10 days, samples were taken for soil moisture determination and elution of virus.
PFU of [3H]uridine-labeled poliovirus was added to 35-g samples of sandy soil in petri dishes (12 x 55 mm). One dish was sealed to maintain the original 18% soil moisture, and the remaining samples were dried to various moisture levels over the next 4 h. After dewatering, an initial sample was eluted from each moisture level to determine the virucidal effects of evaporation; the remaining samples were sealed to prevent further water loss and incubated at 22°C over a 10-day period. To determine inactivation rates at each soil moisture level, samples were eluted at specified times during this period and assayed for PFU and radioactivity. The effects of evaporation on virus recovery during the 4-h period are shown in Fig. 1 . Infective virus recovery decreased gradually as soil moisture was decreased from 18.0 to 2.9% by evaporation. However, a marked decrease in recovered infectivity was noted in the samples dewatered to 1.2 and 0.6% soil moisture. Thus, there appeared to be a critical soil moisture below which virucidal effects of evaporation were amplified.
The effects of soil moisture on virus inactivation were determined in the soils held at the various moisture levels as described above. Viruses were inactivated at essentially the same rates in the soils at 18.0 to 2.9% moisture content (Fig. 2) . However, the rates of virus inactivation increased markedly in the soils held at 1.2 and 0.6% moisture.
The results in Fig. 1 and 2 tainer. If this were the case, then virus inactivation in drying soils may have been entirely due to evaporation rather than increased inactivation rates in dewatered soil. The relative effects of evaporation and low soil moisture may be impossible to resolve with the techniques used here. However, in another experiment, no poliovirus infectivity could be recovered from virus-seeded soil that was dried in less than 1 h by a stream of sterile, dried air. This complete inactivation of viruses in a short period of time that would allow virtually no time for moisture equilibrium suggests that evaporation may be the primary factor responsible for virus inactivation in drying soil and supports the notion that continuous evaporation may have been responsible for the increased inactivation rates seen at low soil moisture levels. DISCUSSION
In agreement with the results of others (3, 4, 17) , the findings presented here clearly show that the rate of virus inactivation in saturated soils is temperature dependent. The extended persistence of viruses in wastewater-saturated soils at low temperatures indicates that viruses deposited in soils by septic tank effluents or by sewage application to land in cold seasons may remain infectious for long periods. Subsequent rainfall, irrigation, or effluent application could create conditions in the soil that would permit virus migration to underlying groundwaters. Although temperature appeared to be the most important factor determining virus inactivation in these experiments, virus persistence was also influenced by soil type and the aqueous medium in which the viruses were applied to the soil. The effects of soil type and liquid medium on virus inactivation were most apparent at 220C, a temperature typical of that found at a depth of 3 to 20 m for most of the year in southern New Mexico. Under these conditions, saturated sandy loam was a less hostile environment for viruses than sandy soil. Additionally, viruses in soil saturated by septic tank liquor persisted longer than viruses in soils saturated with groundwater or Rio Grande water. The extended survival ofviruses in septic tank liquor-saturated soil at moderate temperatures is significant in that septic tank liquor is a medium in which viruses are likely to be discharged to the soil throughout the year. Wastewater and sewage sludges have also been shown to protect some viruses against inactivation under a variety of conditions (2, 15, 22) .
Although the influence of temperature on virus inactivation in saturated soils was (4, 8, 11) . With the exception of Ward and Ashley's (21) studies with sewage sludge, none of these studies made use of labeled viruses to provide a measure of virus recovery efficiency. Because of this, it would be difficult to differentiate between virus inactivation and irreversible soil binding in assessing the decrease in the recovery of infectious viruses. The studies reported here made use of ribonucleic acid-labeled viruses, and the results showed that ribonucleic acid label was readily eluted from the soil. However, the changes in the specific infectivities of the eluates indicated that viruses were inactivated. Although it is not always possible or even desirable to use labeled viruses in many experiments with soil or sewage sludge, the use of labeled viruses in laboratory or small-scale field experiments may provide important insights into the events associated with virus inactivation under similar field conditions.
Although solids-bound viruses have been shown to retain their infectivity (15) , the results presented here do not eliminate the possibility that some soluble soil component eluted from the soil was masking the infectivity of the recovered viruses. The results in the accompanying paper (24) 
